The relations of sodium, potassium, calcium, and magnesium to blood pressure were investigated in four groups of men (119 high-mountain Yi farmers, 114 mountainside Yi farmers, 89 Yi migrants, and 97 Han people) with a wide range of electrolyte intake in Puge County, Sichuan Province, People's Republic of China. Electrolytes were measured in diet, serum, and urine. Sodium excretion was 73.9 mmol/24 hr in high-mountain Yi farmers, 117.9 mmol/24 hr in mountainside Yi farmers, 159.4 mmol/24 hr in Yi migrants, and 186.0 mmol/24 hr in the Han people. In ecological correlation analysis, dietary and urinary sodium were significantly and positively correlated with both systolic and diastolic pressure, whereas serum sodium showed no relation with blood pressure. In diet, serum, and urine, potassium was negatively related to systolic and diastolic pressure, whereas the sodium/potassium ratio showed a positive association. With regard to calcium, only urinary excretion was significantly and positively related to blood pressure. No relation was found between magnesium and blood pressure. Analyses at the individual level confirmed the results for sodium and potassium seen at the ecological level, but in addition, dietary calcium and magnesium were significantly and negatively correlated to both systolic and diastolic pressure, and urinary magnesium was inversely related to diastolic pressure. These relations persisted after controlling for age, body mass index (kg/m 2 ), heart rate, alcohol, and total energy intake in multiple regression analysis performed separately for electrolytes in diet, serum, and urine. In multiple regression analysis, an increase in sodium intake of 100 mmol/day corresponded to an increase of 2 3 mm Hg systolic blood pressure and 1.8 mm Hg diastolic pressure. An increase in potassium intake of 100 mmol/day corresponded to an 8 3 mm Hg decrease in systolic blood pressure and a 5.7 mm Hg decrease in diastolic pressure. Using the ratio of urinary sodium, potassium, calcium, and magnesium to creatinine as the independent variables confirmed the previous results, with the addition of a significant inverse relation of magnesium/creatinine ratio to both systolic and diastolic blood pressure. These results are consistent with the view that a diet low in sodium and high in potassium, calcium, and magnesium may prevent the development of hypertension. (Hypertension 1991;17378-385) 
lowered blood pressure in subjects with severe hypertension. Since then, the relation between dietary sodium intake and blood pressure has received widespread attention. 3 -8 Several studies have shown that in populations with habitually low sodium intakes, there is little or no increase in blood pressure after puberty and a very low prevalence of hypertension. 9 - 18 Conversely, in societies that have higher intakes of sodium, blood pressure continues to increase during adulthood and, depending on the definition used, 20-30% of the population have hypertension. 7 - 19 Although the relation between salt intake and blood pressure is consistent between populations, results from studies within populations are inconsistent. 20 Some investigators have reported a positive association between blood pressure and sodium intake or urinary excretion, 21 - 27 whereas others have found either no such relation 28 " 34 or a negative association.
32^5
- 36 In the INTERSALT study, where data collection was standardized in 52 centers (32 countries), urinary sodium and blood pressure showed a significant positive association in eight centers and a significant negative association in two centers. 37 It has been suggested that within populations, the high degree of intraindividual variability of sodium intake, compared with much smaller interindividual differences, may obscure potential biological correlations. 38 A possible role of dietary potassium in the regulation of blood pressure was suggested 30 years ago. 39 In the populations described above in which dietary sodium intake is low and blood pressure is low, diets are usually rich in potassium. 141617 However, many studies have not found any association between potassium intake (assessed by urinary potassium excretion) and blood pressure. 25 ' 27 -29 - 34 Smith et al 40 have suggested, based on their observation that no additional decrease in blood pressure was observed when potassium was added to a diet restricted to 70 mmol sodium/day, that the effect of potassium may be related to sodium intake.
It has been suggested that the ratio of sodium to potassium is more important than either electrolyte individually, and many studies, but not all, A possible relation between magnesium and blood pressure was first suggested when it was reported that hard water may protect against cardiovascular disease.
58
- 59 Several clinical investigations have reported low serum magnesium levels in hypertensive patients. 60 Evidence for a protective effect of dietary magnesium on blood pressure was reported by Kesteloot and Joossens, 25 who found an inverse correlation between magnesium intake and systolic blood pressure in Belgian women. Values given are mean±SD. BMI, body mass index (kg/m serum, and urine sodium, potassium, calcium, and magnesium to blood pressure on both ecological and individual levels.
Methods

Study Population
As part of a larger study of cardiovascular disease risk factors among Yi and Han people living in Puge County, Southern China, four population groups were surveyed: Yi farmers living in extremely remote villages at or above 2,750 m above sea level (highmountain Yi farmers); Yi people living on the mountainsides at about the 1,800 m elevation level (mountainside Yi farmers); Yi people who have migrated to the county seat, located at about the 1,400 m elevation level (Yi migrants); and native residents of the county seat, the Han people. Details of the study have been previously described. 61 Briefly, the Yi people are a minority residing in Southern China who usually live in remote mountain districts at or above 1,500 m above sea level and are one of the most primitive societies in China. Previous studies have found essential hypertension to be virtually nonexistent among the Yi people with no trend toward increasing blood pressure with age after puberty.
62
- 63 High-mountain Yi farmers are very isolated and have preserved their own language and primitive lifestyle. Their main crops are potatoes, oats, and buckwheat; they only rarely eat meat, and they drink remarkably little water. Salt consumption is very low. Mountainside Yi farmers have a lifestyle similar to that of the high-mountain residents, but they are less isolated. Their main staples are rice and corn, but their diet also includes potatoes, oats, buckwheat, and beans. They consume more meat and salt than the high-mountain farmers. About 95% of high-mountain and 90% of mountainside men are engaged in subsistence agriculture. Yi migrants in the county seat have changed their lifestyle, including diet, to more resemble that of the Han people. Main staples are rice, meat, and fresh vegetables.
Survey Methods
In 1986, these four population groups participated in studies of cardiovascular disease risk factors, including height, weight, blood pressure, heart rate, and diet. Information on age, gender, personal and family history of hypertension, smoking, education, occupation, and physical activity was also collected. A random subsample of 419 men 15 years and older from these four population groups participated in the study reported here. The high-mountain subsample consisted of all adult men in seven villages located in Legan township, except nine old men who could not walk the several hours it took to get to the township office. The mountainside sample consisted of all adult men from five villages in Yushui township. The Yi migrant sample included all male Yi employees of a power plant, a hospital, and the county government. Han people were selected from the same work places. Data from these men (119 high-mountain farmers, 114 mountainside farmers, 89 Yi migrants, and 97 Han) were used for the present analysis.
After a minimum of 5 minutes rest, seated blood pressure was measured over the right arm and recorded to the nearest 2 mm Hg by specially trained physicians. Before the blood pressure measurements, participants had refrained from strenuous activity, smoking, and eating for at least 30 minutes. Systolic pressure was recorded at the appearance of the first sound and diastolic pressure at the disappearance of sounds (Korotkoff phase 5). Three consecutive measurements of blood pressure and heart rate were made, and the mean of these nine blood pressure readings was used for analysis.
Three consecutive 24-hour urine samples were collected. Because of local traditions, urine samples could not be collected from women; thus, only men were included in this study. Each man received a 3,000 ml plastic container that had been soaked in a 3-5% hydrogen chloride solution for 24 hours, washed with ionless water three times, and dried. Toluene was added as a preservative. To minimize loss of urine, each man was given careful instructions about the collection. After the urine collection, the men were questioned about the completeness of the collection by a local physician. If the collection was incomplete, the man was asked to repeat the collection. On Multivariate analyses were adjusted for age, body mass index, heart rate, alcohol, and total energy intakes.
completion of the urine collection, each man received a small monetary award. Three 24-hour urine samples and one fasting blood sample were obtained. The blood was separated in the field and pipetted into ionless tubes. Serum and urine specimens were immediately sent to the county hospital laboratory for storage at -20°C. Urine specimens were analyzed for sodium, potassium, calcium, magnesium, creatinine, and nitrogen. Blood analyses included sodium, potassium, calcium, and magnesium. Three 24-hour dietary recalls were conducted on the same days that the urine samples were collected. The recalls were administered by trained dietitians using food models. The mean of 3 days was used for analysis. Supplementary household, canteen, and restaurant surveys were also conducted. Dietary analyses included sodium, potassium, calcium, magnesium, alcohol, and total energy, according to the Sechuan Province Section of the Chinese Food Composition Tables. 64 Electrolytes were analyzed at the National Center for Clinical Laboratories, Beijing, the World Health Organization collaborative center in China. Sodium and potassium were analyzed by flame photometry (Corning EE1 450, UK), 65 calcium and magnesium by atomic absorption spectrophotometry (Hitachi 180-80, Hitachi Science Instruments, Japan), 66 creatinine by picric acid method (International GMBH Clinicon 4010, FRG), and urinary nitrogen by the diacetyl oximido method (Encore Chemistry System, Beker, USA).
Statistical Analysis
The analysis used to explore the relation between electrolytes and blood pressure was divided into two parts: 1) an ecological analysis was done comparing mean blood pressure and electrolyte levels across 14 groups (seven high-mountain villages with 13, 12, 38, 12, 12, 15 , and 17 individuals, respectively; five mountainside villages with 42, 24, 14, 16, and 18 individuals, respectively; 89 county seat Yi migrants; and 97 Han people), and 2) the data were also analyzed at the individual level assessing associations between blood pressure and electrolytes across all study participants. The individual level analysis included simple correlation and multiple regression analyses. All analyses were done using the Statistical Analysis System (SAS) statistical software package.
Results
Mean blood pressure, age, body mass index (BMI; kg/m 2 ), heart rate as well as diet, serum, and urine electrolytes in each of the four groups are presented in Table 1 . Hypertension and obesity were virtually absent, and there was a wide range in electrolyte intakes. Table 2 presents results of ecological correlation analyses of mean blood pressure levels with mean dietary, serum, and urinary electrolytes for the 14 different villages studied. There was a positive and statistically significant correlation between age and systolic blood pressure but not between age and diastolic blood pressure. BMI was significantly and positively correlated with both systolic and diastolic pressure. Dietary and urinary sodium were significantly positively correlated with systolic and diastolic pressure, but no significant correlation between serum sodium and blood pressure was seen. Dietary, serum, and urinary potassium were negatively related to systolic and diastolic pressure, whereas the sodium/potassium ratio was positively related to blood pressure. With regard to calcium, only urinary excretion was significantly and positively correlated with blood pressure. We found no significant correlation between magnesium and blood pressure.
Analyses at the Ecological Level
Analysis at the Individual Level
Results of univariate and multivariate analyses on systolic blood pressure are shown in Table 3 and those on diastolic blood pressure in Table 4 . The results are similar to those shown in Table 2 for ecological analysis. However, age was significantly related to both systolic and diastolic blood pressure, and in addition, dietary calcium and magnesium were statistically and negatively correlated with both systolic and diastolic pressure. Using the ratio of urinary sodium, potassium, calcium, and magnesium to creatinine as the independent variables confirmed the previous results, with the addition of a significant inverse relation of the magnesium/creatinine ratio to both systolic (/3=-2.721,p=0.003) and diastolic (/3= -4.052,^=0.0001) blood pressure.
Multiple regression analyses on systolic and diastolic blood pressure were performed separately for sodium, potassium, calcium, magnesium, and the sodium/potassium ratio as independent variables, in diet, serum, and urine, all adjusted for age, BMI, heart rate, alcohol, and total energy intake. The results of this adjustment were similar to what was seen for the univariate analysis, with the exception of serum sodium, which was significantly correlated with systolic pressure.
Relation of Dietary, Serum, and Urinary Sodium, Potassium, Calcium, and Magnesium
Simple correlation coefficients between dietary, serum, and urinary sodium, potassium, calcium, and magnesium are shown in Table 4 . Dietary sodium, potassium, and magnesium were positively related with urinary sodium, potassium, and magnesium. Dietary potassium was positively related to serum potassium. Serum sodium was negatively correlated with urinary sodium, whereas serum potassium was positively correlated with urinary potassium. Calcium levels in diet, serum, and urine were not significantly related to each other. Urine calcium excretion was positively correlated with dietary sodium and negatively correlated with dietary potassium and magnesium.
Discussion
One of the major problems in studying the relation between electrolytes and blood pressure is the difficulty in measuring a person's true habitual level of dietary electrolytes. In Western populations, day-today variability in electrolyte intake can be very large. A study of healthy American adults by Liu et al 38 showed that intraindividual variation in individual daily sodium output was more than three times the interindividual variation. This would attenuate any associations between electrolyte intakes and blood pressure. For this reason, multiple measurements per person have been recommended.
-
67
- 68 Several studies in Northern Chinese men have shown day-to-day variation in urinary sodium excretion similar to that of two Chicago adult populations in terms of coefficients of variation. 6970 However, the ratio of intraindividual to interindividual variation of 24-hour urinary sodium was 1.48 in Chinese men, half that reported in Chicago men.
To reduce the intraindividual variation in our study, 24-hour dietary recalls and urine samples were collected on 3 consecutive days. Our study also included men with a wide range of electrolyte intakes, increasing our power to detect an association between electrolyte levels and blood pressure. We found that dietary and urinary sodium were positively correlated with blood pressure on both ecological and individual levels, the latter even after adjustment for such strong predictors of blood pressure as age, BMI, heart rate, and alcohol intake. According to our results, an increase in daily dietary intake of 1 g salt corresponds to an increase in systolic blood pressure of 0.63 mm Hg and in diastolic blood pressure of 0.57 mm Hg. Our findings are consistent with findings of other population-based studies.
" 27
Our results also indicate that dietary, serum, and urinary potassium were negatively associated with blood pressure, both on ecological and individual levels, and persisted after adjusting for age, BMI, heart rate, alcohol, and total energy intakes. The sodium/potassium ratio has been reported to be more important than either individual electrolyte. Results from our study indicate that the sodium/ potassium ratios in diet, serum, and urine are positively associated with blood pressure in simple correlation analysis, both at the ecological and individual levels, as well as in multiple regression analysis even after adjustment for the effects of other risk factors.
The relation between calcium and blood pressure is controversial. Some studies have found that serum and urine calcium are positively associated with blood pressure. 77 found that a high salt intake increased urinary calcium excretion by reducing fractional calcium reabsorption in the proximal renal tube in rats. Indeed, our results show sodium intake to be positively correlated with urinary calcium (r=0.30, p<0.0001). The interaction between different electrolytes needs to be studied further.
The role of magnesium in hypertension has received recent attention. We found a negative association between dietary magnesium intake and blood pressure, consistent with the report of Kesteloot and Joossens.
A recently published study of urinary electrolytes and blood pressure in another sample of Yi farmers indicated that systolic blood pressure was positively associated with the sodium/creatinine, calcium/creatinine, sodium/potassium, and calcium/magnesium ratios and negatively related to the potassium/creatinine and magnesium/creatinine ratios. 78 No significant relations were found between diastolic blood pressure and urinary electrolytes. However, the study subjects were limited to small samples ages 20-24 and 40-44 years, and the range of electrolyte intakes was limited.
It has been suggested that the absence of an increase in blood pressure during adulthood in "unacculturated" populations may be a cause of chronic disease or malnutrition. 7980 However, high-mountain and mountainside Yi farmers are healthy and strong, with no physical signs of malnutrition or chronic infection. Although other characteristics of Yi farmers may also have contributed, the findings of our study are consistent with the view that a diet low in sodium and high in potassium, calcium, and magnesium may prevent the development of hypertension. That differences in blood pressure within a population with relatively (by Western standards) low sodium and high potassium, calcium, and magnesium intakes were observed suggests a continuous relation between electrolyte intakes and blood pressure, rather than a threshold effect.
